Interoception, the sensing of visceral body signals, involves an interplay between neural and autonomic mechanisms. Clinical studies into this domain have focused on patients with neurological and psychiatric disorders, showing that damage to relevant brain mechanisms can variously alter interoceptive functions. However, the association between peripheral cardiac-system alterations and neurocognitive markers of interoception remains poorly understood. To bridge this gap, we examined multidimensional neural markers of interoception in patients with early stage of hypertensive disease (HTD) and healthy controls. Strategically, we recruited only HTD patients without cognitive impairment (as shown by neuropsychological tests), brain atrophy (as assessed with voxel-based morphometry), or white matter abnormalities (as evidenced by diffusion tensor imaging analysis). Interoceptive domains were assessed through (a) a behavioral heartbeat detection task; (b) measures of the heart-evoked potential (HEP), an electrophysiological cortical signature of attention to cardiac signals; and (c) neuroimaging recordings (MRI and fMRI) to evaluate anatomical and functional connectivity properties of key interoceptive regions (namely, the insula and the anterior cingulate cortex). Relative to controls, patients exhibited poorer interoceptive performance and reduced HEP modulations, alongside an abnormal association between interoceptive performance and both the volume and functional connectivity of the above regions. Such results suggest that peripheral cardiac-system impairments can be associated with abnormal behavioral and 
neurocognitive signatures of interoception. More generally, our findings indicate that interoceptive processes entail bidirectional influences between the cardiovascular and the central nervous systems.
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| I N TR ODU C TI ON
Interoception, the sensing of visceral body signals, involves an interplay between neural and autonomic mechanisms (Critchley & Harrison, 2013; Craig, 2002) . In line with the brain-centered approach characterizing embodied cognition research (Barsalou, 2008; Birba et al., 2017; Craig, 2009; Gallese & Lakoff, 2005; Mahon & Caramazza, 2008; Seth, 2013) , most clinical studies into this domain have focused on patients with neurological (Adolfi et al., 2016; Couto et al., 2015; García-Cordero et al., 2016; Khalsa, Rudrauf, Feinstein, & Tranel, 2009a; Yoris et al., in press) and psychiatric (Dunn, Dalgleish, Ogilvie, & Lawrence, 2007; Khalsa et al., 2015; Muller et al., 2015; Terhaar, Viola, Bär, & Debener, 2012; Yoris et al., 2015 Yoris et al., , 2017 disorders. This literature has revealed which interoceptive domains are distinctively affected following brain damage or dysfunction. Yet, several reports show that relevant interoceptive processes can also be disrupted in patients with heart conditions and autonomic disruptions (Gray et al., 2007; Gray, Rylander, Harrison, Wallin, & Critchley, 2009; Smith, Thayer, Khalsa, & Lane, 2017; Shivkumar et al., 2016) , in line with current theoretical proposals such as the neurovisceral integration model (Smith et al., 2017) .
However, the association among autonomic disruptions and interoception remains poorly understood, particularly because extant studies have failed to rule out accompanying neurocognitive alterations as key determinants of the observed deficits. Here, we bridge this gap by examining multidimensional neural markers of interoception in hypertensive disease (HTD) patients with well-preserved neurocognitive profiles. Insofar as interoceptive dynamics are not fully reducible to neural processes, this approach offers a novel opportunity to investigate peripheral aspects of such functions.
Indirect evidence suggests that significant interoceptive changes, even at a neural level, may be linked to cardiovascular alterations. For example, increases of heart rate and respiratory sensations induced by isoproterenol infusions are associated with greater interoceptive perception (Khalsa et al., 2009a) and even with activation of the insula, a key hub of this domain (Hassanpour et al., 2016; Oppenheimer & Cechetto, 2016; Schulz, 2016) . Moreover, interoceptive changes are associated with modulations of cardiovascular states due to isometric exercise (Pollatos, Herbert, Kaufmann, Auer, & Schandry, 2007b) , stress (Fairclough & Goodwin, 2007) , and blood pressure increases (Fahrenberg, Franck, Baas, & Jost, 1995) . Further support is provided by an exceptional case of a patient with an extracorporeal left-univentricular cardiac assist device (a man with "two hearts"). During a heartbeat detection (HBD) task, the patient was capable of tracking the beats of an external pump but not those of his own heart, with reduced modulations of a relevant cortical marker called heart-evoked potential (HEP) . Also, previous research has revealed differences between untreated HTD patients and normotensive subjects during heartbeat discrimination (Koroboki et al., 2010) and blood pressure estimation (Fahrenberg et al., 1995) tasks. Importantly, these studies did not consider the patients' neuropsychological or neurological status, thus proving blind to the possible impact of neurocognitive impairment on the results.
Although HTD has been associated with cognitive decline (Kilander, Nyman, Boberg, Hansson, & Lithell, 1998; Launer, Masaki, Petrovitch, Foley, & Havlik, 1995; Starr, Whalley, Inch, & Shering, 1993; Tzourio, Dufouil, Ducimetiere, & Alperovitch, 1999) and white matter lesions (De Leeuw et al., 2001; de Leeuw et al., 2002) , these alterations manifest quite variedly. In fact, several works have reported HTD samples with normal cognitive performance (Farmer et al., 1990; Scherr, Hebert, Smith, & Evans, 1991; Van Boxtel et al., 1997) and white matter preservation as measured via diffusion tensor imaging (DTI) (Farmer et al., 1990; Gons et al., 2010; Hannesdottir et al., 2009; Nitkunan, Charlton, Mcintyre, Barrick, Howe, & Markus, 2008; Scherr et al., 1991; Van Boxtel et al., 1997) . Such a scenario allowed us to select a neurocognitively preserved HTD sample which, though not representative of the entire HTD population, offered a suitable model of cardiovascular disturbances without major central nervous system impairments.
Taken together, this evidence indirectly suggests that neurocognitive markers of interoception could be associated with cardiovascular deficits. Here, we offer the first direct testing of this hypothesis by examining behavioral, neurophysiological, gray matter volume, and functional connectivity signatures of interoception in healthy subjects and HTD patients without neurocognitive alterations (featuring no cognitive deficits, gray matter abnormalities, or white matter alterations).
In particular, our multidimensional approach comprised analyses of (a) behavioral performance on a validated HBD task (Canales-Johnson et al., 2015; Couto et al., 2013; Yoris et al., 2015 Yoris et al., , 2017 ; (b) ongoing modulations of the HEP, an electrophysiological cortical signature modulated by attention to cardiac signals (García-Cordero et al., 2016; Yoris et al., 2017; Terhaar et al., 2012) ; and (c) neuroimaging recordings, to evaluate anatomical and functional connectivity properties of key interoceptive regions, namely: the insula, the anterior cingulate cortex (ACC), and the somatosensory cortex (Adolfi et al., 2016; Craig, 2002; Critchley, Wiens, Rotshtein, Ohman, & Dolan, 2004; Fukushima, Terasawa, & Umeda, 2011; Hassanpour et al., 2016) . In light of the above considerations, we predicted that HTD patients would exhibit behavioral interoceptive deficits and alterations in key neural correlates of such a domain.
| M E TH ODS

| Participants
The study comprised 50 participants, namely, 24 (12 female) patients with essential HTD and 26 (17 female) healthy controls. Subjects in the HTD group were chronic outpatients of the Metabolic and Arterial Hypertension Unit of the Favaloro Foundation Hospital, and they were diagnosed following current revised criteria (Sanchez et al., 2003) . Their blood pressure fell in Grade 1, within the hypertension range (Mancia et al., 2007) . The patients' condition was confirmed by office blood pressure (OBP) readings and ambulatory blood pressure monitoring (ABPM) (for details, see Table 1 ). None of the patients presented cognitive impairments (see section "Neuropsychological measures" in Table   1 ), lacunar infarcts, white or grey matter lesions (Supporting Information, Figures 1 and 2) , or psychiatric diseases. Psychiatric features were assessed following WHO's ICD-10 diagnostic guidelines (WHO, 1992) .
All patients presenting relevant symptoms were excluded from the study. Also, while all the patients in the final sample were under antihypertensive medication, intake was suspended 48 hs. before the study to prevent drug-related confounds (Supporting Information, Table 1 ).
The control sample was matched for age, gender, education, handedness, and body mass index with the HTD group (Table 1) . These (Schmidt, 1996) was used as measure of short-term verbal memory.
| Mood and anxiety measurements
Considering the relation between emotional states and interoception (Ko et al., 2002; Raglin & Morgan, 1987; Räikk€ onen, Matthews, Flory, Owens, & Gump, 1999; Sullivan et al., 1981) , we also examined anxiety and mood symptoms. Anxiety was evaluated by the State-Trait Anxiety Inventory (STAI) (Spielberger & Vagg, 1984) , which involves one trait anxiety index and one state anxiety scale. Depression symptoms were assessed with Beck's Depression Inventory (BDI-II) (Beck, Steer, Ball, & Ranieri, 1996) , a dimensional measure of the participants' affective state the week before the assessment.
| Interoceptive performance: Heartbeat detection task
Cardiac interoception was assessed through a modified version of a validated HBD task García-Cordero et al., 2016; Melloni et al., 2013; Sedeno et al., 2014; Yoris et al., 2015 Yoris et al., , 2017 , encompassing two conditions. In the exteroceptive condition (EC), a control measure of external monitoring skills, participants tapped a keyboard to follow binaurally presented heartbeats. This condition included two blocks of 2.5 min, featuring regularly timed and irregularly timed heartbeats, respectively. In the interoceptive condition (IC), aimed to assess inner signal monitoring, participants tapped a key to follow their own heartbeats without any external cues. Each participant completed two 2.5-min blocks. The IC provides a measure of interoceptive accuracy, namely, the subjects' objective performance in following their own heartbeats (Garfinkel, Seth, Barrett, Suzuki, & Critchley, 2015) . During all blocks, participants were requested to respond with their dominant hand, to keep their eyes on a fixation cross, and to avoid excessive blinking and moving while the latter remained on screen.
Behavioral performance was analyzed for each subject through a modified version of Schandry's (Schandry, 1981) precision index (Couto et al., 2015; García-Cordero et al., 2016; Melloni et al., 2013; Yoris et al., 2015 Yoris et al., , 2017 This precision index can vary between 0 and 1, with higher scores indicating only small differences between correct answers and recorded heartbeats, and, thus, better performance.
In addition, to ensure that our results were not biased by the discrimination between correct and wrong answers, we also estimated the subjects' accuracy based on their total number of responses. We calculated an index similar to the one used by (Schandry, 1981) , in which total numbers of responses (mental counting, in the case of Schandry, tapping in our study) were adjusted by the total number of heartbeats, and then compared between groups.
3.4 | Heart rate, heart rate variability, and blood pressure during the HBD task
We performed complementary analyses to assess the influence of cardiodynamic differences between samples during the HBD task. This is important to assess an impact of moment-to-moment differences on our results, so that they can be reliably associated to chronic alterations of the peripheral system. To this end, we compared the two samples' heart rate (HR), heart rate variability (HRV), and systolic/diastolic blood pressure (BP) during the task. Regarding HR and HRV, we imported the beat-to-beat RR interval data from the ECG (using the Matlab platform) to the Kubios HRV program (Tarvainen, Niskanen, Lipponen, RantaAho, & Karjalainen, 2013) . This software automatically analyzes HRV in both time and frequency domains, generating a spectral power analysis for different frequency bands: high frequency (HF) and low frequency (LF). The HF component occurs at the frequency of adult respiration (from 15 to 40 Hz) and primarily reflects cardiac parasympathetic influence due to respiratory sinus arrhythmia. The LF component occurs within 0.04 and 0.15 Hz. The LF/HF ratio has been suggested to mirror sympatho/vagal balance (Eckberg, 1997) . The Kubios HRV also gives a mean HR measure for each condition. Finally, BP was measured immediately after the HBD task using an office monitor. One index was obtained with the format systolic/diastolic measure. formed Bayes tests for all results yielding non-significant differences (Dienes, 2011 (Dienes, , 2014 Dienes, Coulton, & Heather, 2017; Dienes & Mclatchie, 2017) . A Bayes factor of 0 to 0.33 strongly supports the null hypothesis, whereas a Bayes factor between 0.33 and 3 indicates insufficient evidence to do so. Finally, Bayes scores above 3 support the alternative hypothesis.
| Clinical and behavioral data analysis
| E R P M EA SU RE S
| EEG signal acquisition and preprocessing
During the HBD task, we recorded HD-EEG signals with a Biosemi Active-two 128-channel system at 1024 Hz, resampled offline at 256
Hz. Two external electrodes were included to record ECG data. The data were band-pass filtered during recording (0.1-100 Hz) and offline (0.3-50 Hz) to remove undesired frequency components. The reference was set by default to link mastoids, and rereferenced offline to the average electrodes. EEG data were segmented between 2200 and 500 ms. Segments with eye movement contamination were removed from further analysis using independent component analysis (ICA) and a visual inspection procedure. The epochs were baseline-corrected (baseline: 2200 ms to 0 ms) (Szczepanski et al., 2014) . Noisy epochs were rejected from the analysis using a visual inspection procedure as in previous studies (García-Cordero et al., 2016) .
| Heart-evoked potential
The HEP is a modulation emerging 200-500 ms after the R-wave peak (Canales-Johnson et al., 2015; Fukushima et al., 2011; Montoya, Schandry, & Muller, 1993; Pollatos & Schandry, 2004; Yoris et al., 2017) . It is considered an automatic cortical signature of interoceptive signals (Pollatos, Kirsch, & Schandry, 2005a; Schandry & Montoya, 1996) that is modulated by attention to heartbeats (Fukushima et al., 2011; García-Cordero et al., 2016; Terhaar et al., 2012; Yoris et al., 2017) . 
| ERP data analysis
In light of the frontal topography of the HEP (Fukushima et al., 2011; Gray et al., 2007; Pollatos & Schandry, 2004) , and following previous reports of our group (Couto et al., 2015; García-Cordero et al., 2016; Yoris et al., 2017) , HEP analysis was performed considering a frontal region of interest (ROI) (41 frontal electrodes, see Figure 1 ). Based on previous reports (García-Cordero et al., 2016; Pollatos, Kirsch, & Schandry, 2005b; Pollatos & Schandry, 2004) , we selected three additional ROIs for analysis: a right frontal ROI (Biosemi C3, C4, C5, C6, C7, C9, C10, C13, C14, C15); a left frontal ROI (Biosemi C26, C27, C28, C31, C32, D3, D4, D5, D6, D7); and a centro-frontal ROI (Biosemi C11, C12, C18, C19, C20, C21, C22, C23, C24, C25) ( Figure 2 ). Moreover, given the relation between interoception and the somatonsesory cortex (Craig, 2002; Critchley et al., 2004; Couto et al., 2013; Khalsa et al., 2009a) , and based on previous studies (Fukushima et al., 2011; Leopold & Schandry, 2001; Pollatos et al., 2005b) , we tested more lateroposterior ROIs (each one in the left and right hemisphere), namely, a left fronto-lateral ROI (Biosemi D11, D12, D13, D14, D17, D18, D19, D20, D27, D28) and a right fronto-lateral ROI (Biosemi B17, B18, B19, B20, B21, B22, B23, B30, B1, B2) (Supporting Information, Figure 4 ).
Point-by-point comparisons along the ERP signal were made via the Monte Carlo permutation test (5000 permutations, p < .05) (Manly, 2007) , as done in previous HEP studies (Couto et al., 2015; García-Cordero et al., 2016; Yoris et al., 2017) and other ERP studies (Amoruso et al., 2014; Andrillon, Kouider, Agus, & Pressnitzer, 2015; Naccache et al., 2005) . This method circumvents the multiple comparisons problem and does not depend on multiple comparison corrections or Gaussian distribution assumptions (Nichols & Holmes, 2002) . In addition, it avoids the selection of narrow a-priori windows for analysis, preventing circularity biases. Finally, and following recommendations for t test analyses (Lakens, 2013) , we calculated effect sizes with Cohen's d. This statistic is recommended for measuring the magnitude of differences for independent sample t tests (Cohen, 1988) , namely, the statistical method used in each permutation step. By comparing HEP modulations in the IC vs the EC of the HBD task, we obtained the t-value of each point in the significant windows of the HEP, both for controls and HTD. Similarly, a recommended formula was calculated to compare independent samples (i.e., contrasting the HEP subtraction in both groups). Depending on the value of d, effect sizes can be considered small (0-0.20), medium (0.50-0.80), or large (>0.80) (Cohen, 1988) . First, we calculated the effect size of the differences between conditions at each time-point and then we averaged the effect sizes in the significant window. (Nichols et al., 2017; Poldrack et al., 2017) . Subjects were scanned in a 1.5 T Phillips Intera scanner with a standard head coil (8 channels). We acquired whole-brain T1-weighted anatomical 3D spin slices, matrix dimension 5 64 3 64; voxel size in plane 5 3.6 mm 3 3.6 mm; slice thickness 5 4 mm; sequence duration 5 10 min; number of volumes 5 209. For acquisition, participants were asked not to think about anything in particular, to keep their eyes closed, and to avoid moving or falling asleep. We chose the closed-eyes modality to avoid noisy signals coming from the visual cortex (Zou et al., 2015) and to facilitate attention to interoceptive sensations (Xu et al., 2014; Wang, Li, Xu, & Ding, 2015) .
The final sample for MRI analyses consisted of 21 controls and 20 patients. The rest of the participants were discarded due to the following reasons: (a) absence of imaging data (e.g., some participants refused to undergo the scanning process adducing claustrophobia), (b) artifacts or acquisition mistakes established through visual inspection of the data, and/or (c) excessive head motion (movements greater than 3 mm and/or rotations higher than 38). Groups were still matched in terms of age, gender, education, and body mass index (Supporting Information, Table 2 ).
| Neurocognitive status analysis
To confirm that HTD patients did not present any brain structural alterations, we assessed gray and white matter integrity via voxel-based morphometry (VBM) and DTI, relative to controls. We also evaluated whether samples presented whole-brain functional connectivity differences based on an interoceptive seed (selected from the results of the association between VBM and interoceptive accuracy; see section "Association between interoceptive and neuroimaging measures"). For VBM analysis, data were preprocessed on the DARTEL Toolbox following validated procedures (Ashburner & Friston, 2000; García-Cordero et al., 2016; Melloni et al., 2016; Sedeno et al., 2017) via Statistical Parametric Mapping software (SPM12) (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). T1-weighted images in native space were first segmented using the default parameters of the SPM12 (bias regularization was set to 0.001 and bias FWHM was set to 60 mm cutoff) into white matter (WM), grey matter (GM), and cerebrospinal fluid (CFS) (these three tissues were used to estimate the total intracranial volume, TIV). Then, we ran the "DARTEL (create template)" module using the GM and WM segmented images-with the default parameters indicated by the SPM12-to create a template that is generated from the complete data set (increasing the accuracy of inter-subject alignment) (Ashburner, 2007) .
Next, we used the "Normalise to MNI Space" module from DARTEL Tools to affine register the last template from the previous step into the MNI Space. This transformation was then applied to all the individual GM segmented scans to also be brought into standard space. Subsequently, all images were modulated to correct volume changes by Jacobian determinants, and to avoid bias in the intensity of an area due to its expansion during warping. Finally, an isotropic Gaussian kernel of 12-mm full-width at half-maximum was applied to all images. The size of the kernel was selected based on previous recommendations (Ashburner & Friston, 2000; Good et al., 2001) , suggesting that it favors more normal data distributions for subsequent parametric analysis. We accounted for the global atrophy pattern via a t test between groups, corrected by TIV (SPM12). Statistical significance was set at p < .001 uncorrected, extent threshold 5 50 voxels Garcia et al., 2017; García-Cordero et al., 2016; Irish, Piguet, Hodges, & Hornberger, 2014; Melloni et al., 2015; Santamaria-Garcia et al., 2017; Sedeno et al., 2014 Sedeno et al., , 2016 .
Finally, to establish the robustness of VBM differences between groups, we calculated their Cohen's d based on the total grey volume per area estimated via the AAL atlas (Tzourio-Mazoyer et al., 2002) .
For DTI analysis, data were processed on the FMRIB Software Library (FSL 5.0.7) (Smith et al., 2004) . First, to correct motion artifacts and eddy-current distortions, each DTI volume was affine-aligned to its corresponding b0 image via a FSL's linear registration tool (FLIRT v6) (Jenkinson & Smith, 2001) . Then, using the brain extraction tool (BET2, with fractional threshold 5 0.1 and vertical gradient 5 0) (Smith, 2002) , we generated a brain mask of each b0 image. Next, for fitting the tensor and computing the diagonal elements (k 1 , k 2 , k 3 ) at each voxel, we employed the FSL's diffusion toolbox (FDT v2.0) (Behrens et al., 2003) .
From this estimation, fractional anisotropy (FA) and mean diffusivity (MD) were generated. Voxel-wise statistical analysis of the FA and MD data was performed using the Tract-Based Spatial Statistics (TBSS v1.2) (Smith et al., 2006) . Each data was affine-aligned into MNI 152 standard space using the nonlinear registration tool FNIRT (Anderson, Jenkinson, & Smith, 2007) . Then, all the normalized FA images (from patients and controls) were averaged to create a mean FA template, which was thinned to generate a FA skeleton representing the centers of all tracts common to both groups. All subjects' aligned FA and MD images were then projected onto this skeleton and, to compare them between groups, we performed a voxel-wise permutation test via FSL's randomize tool (Winkler, Ridgway, Webster, Smith, & Nichols, 2014) with 5000 permutations, considering a statistical threshold of p < .001 uncorrected, extent threshold 5 50 voxels. As for the VBM analysis, we images were normalized to the MNI space using the echo-planar imaging (EPI) template from SPM (Ashburner & Friston, 1999) , and then they were smoothed using an 8 mm full-width-at-half-maximum isotropic Gaussian kernel (SPM functions). Finally, data was band-pass filtered between 0.01-0.08 Hz given the relevance of slow frequency in the analysis of resting-state networks (Fox et al., 2005; Raichle, 2009) (REST V.1.7 toolbox).
Participants showed movements no greater than 1.5mm and/or rotations higher than 1.58 (Supporting Information, Table 2 ). As seed for the analysis, we selected the peak that presented the largest association between IC performance and gray matter volume in the control sample (see below, section "Association between interoceptive and neuroimaging measures", and also Figure 3 and Table 2 ). This seed was located in short gyri of the left insula (x 5 242, y 5 12, z 5 25). The aim of this analysis was to evaluate whether groups presented differences in whole-brain functional connectivity relative to this interoceptive hub. For each participant, we extracted the BOLD signal time-course from the voxels within the seed region. To obtain a functional connectivity map, we then correlated these data to every voxel in the brain using Pearson's correlation coefficient via the DPARSF toolbox. Afterward, we performed a Fisher z-transformation. Then, the voxel-wise connectivity of these maps was compared between controls and HTD patients with a two-sample t test (p < .001 uncorrected, extent threshold 5 50 voxels), on SPM12. In addition, Cohen's d was calculated based on the mean connectivity of each region of the AAL Atlas (Tzourio-Mazoyer et al., 2002) .
In addition, we performed Bayes tests for all results yielding nonsignificant differences (Dienes, 2011 (Dienes, , 2014 Dienes & Mclatchie, 2017) , to establish the probability with which the null hypothesis can be accepted or rejected. This calculation was performed for the structural (DTI, VBM) and functional connectivity differences between groups. To perform the VBM and functional connectivity comparisons between groups, we calculated total grey matter volume and the mean functional connectivity per area following the AAL atlas (Tzourio-Mazoyer et al., 2002) , respectively. In the case of DTI, we used the mean FA and MD values from the JHU DTI-based white-matter atlases (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases).
| Association between interoceptive and neuroimaging measures
We evaluated whether controls and HTD patients presented different patterns of association between accuracy in the IC and both structural (VBM) and functional connectivity (seed analysis) properties of key interoceptive areas, namely, the bilateral anterior and posterior insula, the ACC and the somatosensory cortex (Adolfi et al., 2016; Craig, 2002; Critchley et al., 2004; Hassanpour et al., 2016) .
| VBM analyses
To determine the correlation between morphometry and behavior, we performed a linear regression analysis with the IC accuracy score for each group on SPM 12. For this analysis, we restricted the analysis to the key interoceptive areas (bilateral anterior and posterior insula, ACC, and somatosensory cortex) by applying a binary mask. As reported in previous works García-Cordero et al., 2016; Irish et al., 2014 ), we applied a spatial threshold of 50 voxels, and an uncorrected statistical threshold of p values smaller than .001.
| Seed analyses
To test for the association between behavioral performance and correlation maps of the interoceptive network from the left insula seed (see "Neurocognitive status analysis" for the full description of preprocessing procedures), we first averaged the correlation values within the main hubs of this network for each participant, as done in previous studies (e.g., Abrevaya et al., 2017; Hoekzema et al., 2014; Mayer, Mannell, Ling, Gasparovic, & Yeo, 2011; Wu et al., 2011a,b) . To this end, we selected four pre-defined bilateral regions from the AAL atlas (Tzourio-Mazoyer et al., 2002) .
| 1571 (Tzourio-Mazoyer et al., 2002) : the anterior and posterior insula (Sedeno et al., 2016) , the ACC, and the somatosensory cortex (henceforth designated as ROIs). Finally, we performed a Spearman correlation analysis between these connectivity values and the IC accuracy scores for each sample (the alpha level was set at p < .05, uncorrected). In addition, Cohen's d was calculated based on the mean connectivity of each region of the AAL Atlas (Tzourio-Mazoyer et al., 2002) .
| R E SU LTS
| General neurocognitive status
No statistically significant differences between groups were observed on the IFS (including motor programing and working memory subindexes) or on the RAVL (verbal memory) test (Table 1) . Neither did the groups differ in their state anxiety scores, although patients showed higher scores in the trait anxiety subscale (Table 1) .
Finally, no significant between-group differences emerged in the by controls in the IC (p < .01, hp 2 5 .24). The latter difference remained significant after covariation with STAI-T scores (F 5 10.11, p <.01, hp 2 5 .27). Finally, using Schandry's index (Schandry, 1981) , we also analyzed the subjects' performance considering their total number of responses, without discriminating between right and wrong ones. We 6.3 | Heart rate, heart rate variability, and blood pressure results during HBD Regarding HR and HRV, a one-way ANOVA for each measure showed no differences between samples during the IC (Table 1) . Regarding blood pressure, one index was obtained with the format systolic/diastolic measure. A one-way ANOVA revealed no between-group differences (Table 1) Table 7 ).
| Between-group comparisons
To assess whether HEP modulations differed between groups, we cal- In the control group, we found a positive correlation between the gray matter volume of the bilateral insula and the subjects' IC performance ( Figure 3 and Table 2 ). No such correlations were observed in HTD patients. We also calculated the effect size of the results of the correlation between VBM and IC performance. To this end, we extracted the grey matter volume for each subject per group based on a mask of the significant results of the analysis (bilateral insula) from controls. Then, we calculated a Spearman correlation between these values and the IC scores for each sample. In line with our voxel-wise analysis, the control group showed a correlation value of 0.79 (associated with a p value < .001), while the patient group exhibited a value of 0.10 (associated with a p 5 .67). Finally, to compare the correlation values between groups, we first multiplied, per subject, the IC score and grey-matter volume from the same mask used for the effect size analysis (significant results in the bilateral insula). Then, we conducted an ANOVA based on these values (one per subject), and found significant differences between groups (F 5 12.11, p < 0.01, hp 2 5 0.24).
| Seed analysis results
In the control group, we found two ROIs whose connectivity with the Table 3 ). To determine whether these relationships were statistically different between groups, we performed an ANOVA comparing the strength of association between IC scores and the ROIs' functional connectivity. To combine the association strength of both findings into a single score per subject, we first absolutized the functional connectivity values to ensure that these results were not biased by the cancellation of association strength given their opposite directions (positive for the right posterior insula, and negative for the left ACC). Then, we followed the same procedure used for VBM analysis to integrate functional connectivity and IC performance. This analysis showed significant differences between groups (F 5 6.85. p 5 .001, hp 2 5 0.08).
| D I SCUSSION
This is the first study assessing behavioral, electrophysiological, and neuroimaging correlates of interoception in neurocognitively normal HTD patients. Relative to controls, the patients showed selective behavioral difficulties in monitoring their own cardiac signals, alongside a partial reduction of task-related HEP modulations. Moreover, whereas interoceptive performance was associated with the volume and connectivity of the insula in healthy subjects, this association was 
| Interoceptive disruptions following autonomic alterations in HTD
Results from the HBD task revealed behavioral interoceptive deficits in HTD patients. While similar deficits have been reported in psychiatric (Dunn et al., 2007; Khalsa et al., 2015; Muller et al., 2015; Yoris et al., 2015 Yoris et al., , 2017 and neurological (García-Cordero et al., 2016; Khalsa et al., 2009a; Ricciardi et al., 2016a,b; Terhaar et al., 2012 ) disorders (for a review, see Yoris et al., in press), our finding stands out because these patients showed no brain atrophy (as measured through VBM), tract-level alterations (as assessed with DTI), or functional connectivity abnormalities. This algins with previous reports of interoceptive alterations in patients with peripheral and autonomic conditions, such as HTD (mixing non-treated/medicated patients) (Koroboki et al., 2010) , diabetes (Leopold & Schandry, 2001) , and high blood pressure (Fahrenberg et al., 1995) . However, this is the first study to show that interoceptive impairments in HTD may not be epiphenomenal to general motor or attentional difficulties, given that their performance on the EC was spared. Neither can this deficit be attributed to executive dysfunction, as the patients showed normal scores in the neuropsychological assessment batteries. Taken together, these observations reveal a specific interoceptive deficit associated with peripheral disruptions in the cardiovascular system.
Moreover, although both groups showed the expected differences in HEP amplitude between conditions (García-Cordero et al., 2016; Leopold & Schandry, 2001 ), subtraction analysis revealed that such modulations were reduced in HTD patients (Figures 1 and 2) . The HEP is a robust cortical signature of interoception that accompanies behavioral deficits during the same HBD task in patients with neurological (García-Cordero et al., 2016; Leopold & Schandry, 2001; Yoris et al., 2017) and psychiatric (Muller et al., 2015; Schulz et al., 2015; Terhaar et al., 2012; Yoris et al., 2017) disorders. Thus, our results show that this cortical marker of interoception disrupted by brain damage may also be affected in patients with peripheral cardiac abnormalities. Conceivably, group differences in the HEP windows (around 200 and 500 ms) could be associated with cardiac systole/diastole contraction activity (Park et al., 2007) . Given the patients' neurocognitive preservation, between-group differences could be linked to alterations in the patients' baroreceptors (Laurent et al., 2003; O'Rourke & Nichols, 2005) . Although we lack data on the status of these vessels, previous research has consistently shown their involvement in HTD (Chapleau & Sabharwal, 2011) . In addition, these mechanisms are linked to the functioning of interoceptive pathways (Critchley et al., 2004; Critchley & Harrison, 2013; Gray et al., 2007; Park et al., 2007) , which reinforces our interpretation.
As observed earlier, HTD patients presented interoceptive deficits with no alterations in volumetric, tract-level, or functional connectivity measures. Once again, this suggests that alterations in the functional organization of the interoceptive network might be related to peripheral cardiac alterations. Yet, our evidence does not fully rule out a potential role of cerebral changes that might influence interoceptive performance. In fact, HTD may affect brain structure and function in early stages, and, in certain cases, vascular deregulation may actually originate in the brain (Jennings & Zanstra, 2009) . Therefore, although our neuroimaging analysis showed no differences between patients and controls, the former may have presented subtle brain alterations not detected by our recording or analysis methods.
Still, the fact remains that patients performed normally in a series of general cognitive tasks tapping various domains (e.g., motor planning, working memory, and verbal memory), which weakens the likelihood of undetected neurological alterations. In sum, even though further research is needed, our findings highlight the relevance of peripheral mechanisms in the alteration of interoceptive signals. This conclusion aligns with evidence of HBD deficits and HEP alterations in patients with diabetes (Leopold & Schandry, 2001 ), a condition associated with the vagal denervation of the heart (Wheeler & Watkins, 1973) . Compatibly, reduced HEP modulations were observed together with self-heart tracking deficits, despite preserved external-hearth tracking abilities, in a patient with an extracorporeal left-univentricular cardiac assist device . Of note, HEP alterations in our HTD sample emerged in different domain-relevant ROIs and during canonical time windows of the HEP (Canales-Johnson et al., 2015; Fukushima et al., 2011; Gray et al., 2007) . These findings show that even the neurophysiological correlates of interoception may become dysfunctional in the presence of peripheral cardiac system abnormalities.
Furthermore, whereas controls showed an association between HBD performance and grey matter density in key interoceptive regions (in particular, the insula), no such correlations were found in HTD patients. A similar pattern emerged for connectivity analysis. Indeed, interoceptive performance in controls was associated with functional connectivity between the left insula and both the right anterior insula and the left ACC, which aligns with previous results (Avery et al., 2014; García-Cordero et al., 2016; Simmons et al., 2013; Taylor, Seminowicz, & Davis, 2009) . Instead, HTD patients presented no association between the functional connectivity of interoceptive regions and performance. Previous studies have shown that the anatomical and functional integrity of interoceptive regions is associated with interoceptive performance in neurodegenerative conditions (García-Cordero et al., 2016; Yoris et al., in press ). However, as observed earlier, deficits in the present HTD sample are not due to overall volumetric or tract-level differences between groups. Once again, this suggests that alterations in the functional organization of the interoceptive network need not be associated with damage to relevant brain regions. Rather, they can also be associated with disruptions of cardiovascular mechanisms, reinforcing the view that interoceptive mechanisms may rely on a bidirectional brain-body interplay.
| Toward a body-based conception of embodied cognition
In the last decades, a wealth of evidence has accrued to show that cognitive functions are embodied, that is, grounded in experientially relevant biological mechanisms (Barsalou, 2008; Craig, 2009; Gallese & Lakoff, 2005; Mahon & Caramazza, 2008; Seth, 2013 (Khalsa et al., 2009a; Khalsa, Rudrauf, Sandesara, Olshansky, & Tranel, 2009b) , physical (Williamson, Mccoll, Mathews, Ginsburg, & Mitchell, 1999; Williamson, Mccoll, & Mathews, 2003) , and gut stimulation/deregulation (Aziz, 2012; Mayer & Tillisch, 2011) conditions are associated with the functioning of key interoceptive hubs (specially the insular cortex).
The peripheral model of interoception proposed here leads to specific hypotheses for a new research agenda. Critical evidence could be gained by comparing relevant behavioral and neurocognitive markers in patients before and after heart transplant, especially considering the disruption of vagal signaling during surgery and the potential for postoperative cardiac reinervation (Grupper, Gewirtz, & Kushwaha, 2017; Murphy et al., 2000) , which could induce domain-relevant neuroplastic adaptations. In this sense, other peripheral procedures, like gastric distention insertion of gastric balloons, have been observed to trigger changes in interoceptive areas, such as the insula and the amygdala (Wang et al., 2008 (Havas, Glenberg, Gutowski, Lucarelli, & Davidson, 2010) . By the same token, building on evidence that words denoting bodily actions Bocanegra et al., 2015 Bocanegra et al., , 2017 García et al., 2017; García & Ib añez, 2016; Melloni et al., 2015; Pulverm€ uller, 2005) , smells (Gonzalez et al., 2006) , and tastes (BarrosLoscertales et al., 2012) depend on brain regions subserving motor, olfactory, and gustatory functions, respectively, it could be hypothesized that such domains could be specifically affected in amputees (Flor, Elbert, Knecht, Wienbruch, & Pantev, 1995; Makin, Scholz, Henderson Slater, Johansen-Berg, & Tracey, 2015) and patients with hyposmia (Gaines, 2010; Guilemany et al., 2009; Henkin & Levy, 2002) or taste discrimination deficits (Eskine, Kacinik, & Prinz, 2011) . These are just some of the several peripheral clinical models which could shed light on the apparently critical role of peripheral systems in grounding higher order cognitive skills. Such a conceptual recast could reveal the extent to which cognitive functions rely on relevant autonomic dynamics.
| L I M I TA TI ONS AN D A V EN U ES F OR F U R THE R RE SE AR CH
The present work features some limitations and restrictions. First, it is based on a modest sample size. Note, however, that previous works on interoception have yielded replicable results with similar or smaller samples (Fahrenberg et al., 1995; Koroboki et al., 2010; Leopold & Schandry, 2001) . Moreover, the consistency of our results across behavioral, electrophysiological, and anatomofuctional dimensions, with moderate to large effect sizes, further attests to their robustness.
Still, future studies in this line should aim to recruit larger samples, ideally including subgroups with different forms of HTD.
Second, given our modest sample size, all neuroimaging results were reported with uncorrected statistical thresholds (p < .001 uncorrected with 50 voxels as extent threshold for the voxel-wise analysis, and p .05 uncorrected for comparisons of average within ROIs).
Despite the risk of false positive findings, there are several reasons that support the validity of this statistical approach. First, in assessing the patients' neurocognitive status, we intentionally used this permissive threshold for a whole-brain voxel-wise analysis -instead of an FWE or FDR corrections, which would restrict significant differences-to ensure that, despite the uncorrected approach, patients did not present any brain structural or functional alterations relative to controls-a similar strategy has been applied in a previous study .
Then, for the regression results between morphometry and behavior, we kept the uncorrected threshold but restricted to the key interoceptive areas. This finding might not be considered as a potential false positive given that it is consistent with research showing the putative role of the insular cortex in interoception-also, we have employed a large voxel extent threshold (50 voxels) to prevent spurious findings, as shown with 10 voxels (Poldrack et al., 2017) . In addition, this uncorrected threshold has been used as a standard value in previous VBM and functional connectivity research (García-Cordero et al., 2016; Hassanpour et al., 2016; Irish et al., 2014; Kuehn, Mueller, Lohmann, & Schuetz-Bosbach, 2016; Markett et al., 2014; Melloni et al., 2016; Rabinovici et al., 2007; Sedeno et al., 2017; Simmons et al., 2013) .
Regarding the association between the seed-based analysis and behavior performance, we reduced the number of comparisons via averaging the correlation values within each interoceptive hub (comparisons went from a thousand to less than ten), and then applied a p < .05 uncorrected threshold, as in previous works Wu et al., 2011a,b) . Moreover, both regression analyses showed moderate to strong effect sizes only for the control group (controls, R 5 0.79; HTD, R 5 0.1), which supports the validity of our imaging results.
Another potential limitation is that fMRI data underlying our functional connectivity results come from a scanner with a low magnetic field (1.5 T). Though arguably suboptimal, our approach is certainly adequate, as shown by (a) multicenter studies combining equipment with different Teslas (Biswal et al., 2010; Dosenbach et al., 2010; Long et al., 2008; Power et al., 2011; Sedeno et al., 2017) , and even showing the functional connectivity variability due to the magnetic field was relatively low (Biswal et al., 2010) ; (b) reports of consistent functional connectivity alterations in neuropsychiatric conditions obtained with 1.5 T scanners (Demirtas et al., 2016; García-Cordero et al., 2016; Hoekzema et al., 2014; Magioncalda et al., 2015; Melloni et al., 2016; Oldehinkel et al., 2016; Rolland et al., 2015; Sedeno et al., 2017; Wu et al., 2011a; Zalesky, Fornito, Egan, Pantelis, & Bullmore, 2012) ; and (c) several studies that reliably identified, characterized, and reproduced resting-state networks in healthy participants based on low-magnetic-field equipment (Biswal et al., 2010; Chou, Panych, Dickey, Petrella, & Chen, 2012; Power et al., 2011; Song, Panych, & Chen, 2016) . Moreover, although the sensitivity and specificity of the BOLD signal is expected to improve as its strength increases (Duyn, 2012; Moseley, Liu, Rodriguez, & Brosnan, 2009; Triantafyllou, Hoge, & Wald, 2006) , this enhancement is also associated with stronger physiological noise contribution in the signal Kruger, Kastrup, & Glover, 2001; Triantafyllou et al., 2005) . Looking forward, even though our resting-state fMRI data prove adequate to perform our current analyses, future studies should assess the impact of different acquisition parameters on the assessment of functional networks in HTD patients.
Third, our findings may have been partially influenced by the patients' medication, whose effects on cognitive functions remain unclear (Tzourio et al., 1999 ). Yet, as we do not have clinical data from the patients prior to treatment, we cannot fully exclude physiological differences due to medication cessation. However, we were careful to suspend the medication intake 48hs before with the aim to reduce drug effects. In this sense, it would be interesting to extend the present research via direct comparisons of interoceptive mechanisms in treated and untreated HTD patients.
Finally, another limitation of our study is the difficulty to characterize a HTD sample avoiding cognitive and structural impairment. While Agustín Ib añez http://orcid.org/0000-0001-6758-5101
